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We pooled data from 5 large validation studies (1999–2009) of dietary self-report instruments that used recovery

biomarkers as referents, to assess food frequency questionnaires (FFQs) and 24-hour recalls (24HRs). Here we

report on total potassium and sodium intakes, their densities, and their ratio. Results were similar by sex but were

heterogeneous across studies. For potassium, potassium density, sodium, sodium density, and sodium:potassium

ratio, average correlation coefficients for the correlation of reported intake with true intake on the FFQs were 0.37,

0.47, 0.16, 0.32, and 0.49, respectively. For the same nutrients measured with a single 24HR, they were 0.47, 0.46,

0.32, 0.31, and 0.46, respectively, rising to 0.56, 0.53, 0.41, 0.38, and 0.60 for the average of three 24HRs. Average

underreporting was 5%–6% with an FFQ and 0%–4% with a single 24HR for potassium but was 28%–39% and

4%–13%, respectively, for sodium. Higher body mass index was related to underreporting of sodium. Calibration

equations for true intake that included personal characteristics provided improved prediction, except for sodium

density. In summary, self-reports capture potassium intake quite well but sodium intake less well. Using densities

improves the measurement of potassium and sodium on an FFQ. Sodium:potassium ratio is measured much better

than sodium itself on both FFQs and 24HRs.

attenuation factors; calibration models; dietary measurement error; food frequency questionnaire; 24-hour recall;

underreporting

Abbreviations: AMPM, AutomatedMultiple-PassMethod; FFQ, food frequency questionnaire; 24HR, 24-hour recall; NBS, Nutrition

Biomarker Study; NPAAS, Nutrition and Physical Activity Assessment Study; OPEN, Observing Protein and Energy Nutrition;

SPR, sodium:potassium ratio.

Studies of dietary intake and its relationship to health
outcomes often use self-reported intakes (1). Assessing
the validity of dietary self-report instruments is needed to
reliably interpret the results. Dietary intake recovery bio-
markers (2) that provide accurate assessments of short-term
intakes are available for just 4 dietary components: energy,
protein, potassium, and sodium. A series of large validation
studies with recovery biomarkers, starting with the Observ-
ing Protein and Energy Nutrition (OPEN) Study (3), have
been conducted in the United States. In 2009, investigators
from 5 such studies agreed to pool their data for common

analysis (the Validation Studies Pooling Project), so as to
characterize with greater precision the nature and magni-
tude of reporting errors in food frequency questionnaires
(FFQs) and 24-hour recalls (24HRs) and investigate per-
sonal characteristics associated with such errors. Results re-
garding energy and protein have already been reported (4).
Here, we present results regarding potassium and sodium in-
takes. Low potassium and high sodium intakes (5–8) have
been associated with elevated blood pressure in epidemio-
logic studies and clinical trials and are important to public
health.
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METHODS

Validation studies and their populations

The 5 studies, described in more detail elsewhere (4), dif-
fered in their emphasis and in the populations studied. The
OPEN Study was conducted in adult volunteers aged 40–
69 years residing in suburbanMaryland (3). In the Energetics
Study, white and African-American young adults in Los
Angeles, California, were studied (9). In a study conducted
to validate the US Department of Agriculture’s Automated
Multiple-Pass Method (AMPM), Moshfegh et al. (10) re-
cruited a population similar to that in OPEN. The Nutrition
Biomarker Study (NBS) and the Nutrition and Physical Ac-
tivity Assessment Study (NPAAS) included participants from
study centers spread across the United States as part of the
Women’s Health Initiative Dietary Modification Trial and
Observational Study, respectively (11, 12), and included only
women, mostly over age 60 years. Further details are pro-
vided in Table 1. Each study proposal received institutional
review board approval.

Self-report instruments

The participants in each study completed an FFQ. Al-
though some repeat administrations were performed in
OPEN, AMPM, NBS, and NPAAS, we analyzed only the
first administration here. Three FFQs were used: the Diet
and Health Questionnaire (13) in OPEN and Energetics, the
Harvard FFQ (14) in AMPM, and the Women’s Health Ini-
tiative FFQ (15) in NBS and NPAAS.
Each study also included 2 or more 24HR assessments ad-

ministered on nonconsecutive days in either all participants
(4 of 5 studies) or a 20%subset of participants (NBS) (Table 2).
Different 24HRs were used (Table 2). The 24HR energy data
were assessed for possible drift over repeat assessments. In one
study (Energetics, which had 8 repeat non-interviewer-assisted
assessments), a marked drift was detected after the fourth as-
sessment. Additionally, since the first assessment was thought
to be on the participants’ learning curve, only the second,
third, and fourth 24HR assessments were analyzed in this study.

Biomarkers

Recovery biomarkers were measured in all 5 studies. Mea-
surements included doubly labeled water for energy intake
(16) and 24-hour urinary potassium and sodium levels for
potassium and sodium intake (17, 18) (Table 2). The doubly
labeled water method (Table 2) assesses energy expenditure
over a 10- to 14-day period and, assuming individuals to
be in energy balance, measures average daily energy intake
over this period (16). Urinary levels of potassium and sodium
(total amounts in 24-hour urine samples) assess potassium and
sodium intake over a 24-hour period (17, 18). Urinary potas-
sium and sodium levels were measured at a Medical Research
Council laboratory (Cambridge, United Kingdom) using the
flame photometry method (OPEN) and at a University of
California, Los Angeles (Los Angeles, California) laboratory
(Energetics—potassium), a US Department of Agriculture
(Washington, DC) laboratory (Energetics—sodium), the T
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Table 2. Self-Report Instruments and Biomarkers Used in 5 Validation Studies of Dietary Self-Report Instruments

First Author,

Year

(Reference

No.)

Studya

FFQ 24HR
% of

Patients

Engaging

in 24HR

DLW

Laboratory

% of Patients

Undergoing

Repeat DLW

Assessments

Time Between

Repeat DLW

Assessments

Urinary Potassium and Sodium

Time Between

Repeat Urine

Assessments

% of Patients

Undergoing a

Repeat Set

of Urine

Assessments

Type of

FFQ

No. of

Assessments

Type of

24HR

No. of

Assessments
Laboratory Method

No. of

Assessments

in a Set

Subar,
2003 (3)

OPEN
Study

DHQ 2 AMPM,
version 1

2 100 University of
Wisconsin

5 2 weeks Medical Research
Council

FP 2 12 days 0

Arab,
2010 (9)

Energetics
Study

DHQ 1 DietDay
(Centrax
Corporation,
Chicago,
Illinois)

8 100 University of
Wisconsin

23 6 months University of
California,
Los Angeles

ISE 2 10 days 23

Moshfegh,
2008 (10)

AMPM Harvard
FFQ

1 AMPM,
version 2

3 100 US Department
of Agriculture

11 10–23
months

MedStar’s Penn
Medical
Laboratory
(Hyattsville,
Maryland)

ISE 2 5 days 11

Neuhouser,
2008 (11)

NBS WHI 1 AMPM with
NDSRb

2 20 University of
Wisconsin

20 6 months Pharmaceutical
Product
Development
LLC
(Wilmington,
North Carolina)

ISE 1 5 months
(1 urine
assessment
per set)

20

Prentice,
2011 (12)

NPAAS WHI 1 AMPM with
NDSR

3 100 University of
Wisconsin

20 6 months University of
Washington

ISE 1 6 months
(1 urine
assessment
per set)

20

Abbreviations: AMPM, AutomatedMultiple-PassMethod validation study; DHQ, Diet History Questionnaire; DLW, doubly labeled water; FFQ, food frequency questionnaire; FP, flame photometry; 24HR, 24-hour recall;

ISE, ion-selective electrode; NBS, Nutrition Biomarker Study; NDSR, Nutrition Data System for Research; NPAAS, Nutrition and Physical Activity Assessment Study; OPEN, Observing Protein and Energy Nutrition;

WHI, Women’s Health Initiative.
a For study dates, see Table 1.
b Software from the University of Minnesota Nutrition Coordinating Center (Minneapolis, Minnesota).
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MedStar Health Research Institute’s Penn Medical Labora-
tory (Hyattsville, Maryland) (AMPM), a Pharmaceutical
Product Development LLC (Wilmington, North Carolina)
laboratory (NBS), and a University of Washington (Seattle,
Washington) laboratory (NPAAS) using the ion-selective
electrode method (Table 2). Three studies included repeat de-
terminations in the main protocol, made approximately 5
days apart; NBS and NPAAS included repeat determinations
in a 20% reliability subsample, approximately 6 months later.
These repeat determinations were included in our analyses.
Urinary potassiumvalueswere divided by 0.8 to convert them

to dietary potassium values (19). Urinary sodium values were
divided by 0.86 to convert them to dietary sodium values (20).

Reliability substudies

Each study included a substudy (of varying sizes) to exam-
ine within-person variation in self-reports and biomarkers.

The time between initial administration and repeat adminis-
trations varied considerably between studies, as did the extent
of the repeat data collection (Table 2). In OPEN, only doubly
labeled water measurements were repeated, while the other
studies repeated both biomarker measurements and self-
reports.

Relative timing of the measurements in the main studies

In all studies except AMPM, the FFQ was administered at
the beginning of the main study. In AMPM, the FFQ was ad-
ministered 1–14 months after the beginning of the main study.
In OPEN, a second FFQ was administered 60 days after the
first. In all studies, doubly labeled water was administered at
1–14 days, and 24-hour urine samples were collected during
the same period. The 24HRs were administered on the follow-
ing days: OPEN, days 1 and 61; Energetics, days 1, 3, 5, 8, 11,
14, 30, and 60; AMPM, days 1, 5–6, and 10–11; NBS, none in

Table 3. Average Intakes of Potassium and Sodium, Their Densities, and Their Ratio in 5 Validation Studies of Dietary Self-Report Instruments, by

Study, Sex, and Instrument

Intake Type,
Sex, and

Instrument

Studya

OPEN Study Energetics Study AMPM NBSb NPAASb

GM 95% CI GM 95% CI GM 95% CI GM 95% CI GM 95% CI

Potassium, mg/day

Men

Biomarker 3,465 3,337, 3,599 3,516 3,290, 3,757 3,449 3,294, 3,611

24HRc 3,372 3,223, 3,529 3,438 3,088, 3,826 3,402 3,264, 3,546

FFQ 3,323 3,170, 3,484 3,512 3,239, 3,808 2,991 2,870, 3,116

Women

Biomarker 2,688 2,555, 2,828 2,296 2,151, 2,450 2,615 2,494, 2,741 2,918 2,835, 3,004 2,690 2,590, 2,795

24HR 2,702 2,563, 2,850 2,573 2,362, 2,802 2,621 2,510, 2,736 2,588 2,432, 2,753 2,359 2,272, 2,449

FFQ 2,798 2,667, 2,935 2,581 2,382, 2,797 2,684 2,563, 2,811 2,532 2,457, 2,608 2,441 2,350, 2,536

Potassium Density, mg/1,000 kcal d

Men

Biomarker 1,225 1,177, 1,274 1,189 1,105, 1,280 1,213 1,155, 1,273

24HR 1,349 1,302, 1,397 1,212 1,135, 1,294 1,372 1,321, 1,425

FFQ 1,671 1,621, 1,724 1,585 1,510, 1,664 1,551 1,509, 1,594

Women

Biomarker 1,194 1,132, 1,259 1,018 954, 1,087 1,202 1,142, 1,265 1,404 1,362, 1,448 1,320 1,266, 1,375

24HR 1,408 1,346, 1,473 1,228 1,154, 1,306 1,347 1,154, 1,306 1,687 1,602, 1,776 1,526 1,481, 1,573

FFQ 1,836 1,773, 1,900 1,568 1,503, 1,636 1,625 1,583, 1,668 1,728 1,695, 1,763 1,667 1,633, 1,703

Sodium, mg/day

Men

Biomarker 4,502 4,287, 4,727 3,692 3,371, 4,043 4,648 4,421, 4,886

24HR 4,446 4,258, 4,643 4,010 3,506, 4,587 4,176 3,982, 4,379

FFQ 3,070 2,920, 3,227 3,377 3,077, 3,706 2,188 2,088, 2,293

Women

Biomarker 3,310 3,126, 3,503 2,555 2,345, 2,783 3,494 3,330, 3,666 3,263 3,155, 3,373 3,056 2,933, 3,183

24HR 3,337 3,153, 3,532 2,580 2,354, 2,827 3,184 3,034, 3,342 2,437 2,275, 2,611 2,358 2,268, 2,451

FFQ 2,308 2,186, 2,436 2,459 2,270, 2,662 1,851 1,762, 1,945 2,394 2,318, 2,472 2,383 2,286, 2,484

Table continues
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themain study; andNPAAS, 3 occasions over a 14- to 104-day
period.

Statistical methods

We report on 5 dietary components: potassium, potassium
density, sodium, sodium density, and sodium:potassium ratio
(SPR). Densities are defined as the ratio of nutrient intake
(mg/day) to energy intake (thousands of kcal/day) and are
studied because they represent energy-adjusted quantities
(1). They are often reported with less relative error than are
absolute intakes (21). SPR has been proposed as a risk factor
for cardiovascular disease (22).

All dietary intake and biomarker variables were logarithmi-
cally transformed so that their distributions were approximately
normal, as confirmed by visualization of quantile-quantile
plots.

Recent research (23) indicates that para-aminobenzoic acid
need not be used to assess the completeness of 24-hour urine
collection. Urinary potassium and sodium values from analy-
sis were excluded only if the participant reported missing 2 or
more voids during the 24-hour collection. Exclusion of out-
liers is described in Web Appendix 1 (available at http://aje.
oxfordjournals.org/).

Since repeated 24HR assessments were administered in all
studies, we investigated reporting characteristics for a single
24HR and for two and three 24HRs (where available), using
mean log reported intake as the value reported from multiple
assessments.

Analyses were based on the following premises: 1) recovery
biomarker levels provide, on a logarithmic scale, unbiased
estimates of short-term intake; 2) within-person variation is
independent of personal characteristics; and 3) in the 5 studies
evaluated, intake did not vary systematically with time. To-
gether, these assumptions imply that recovery biomarkers are
unbiased for measurement of longer-term usual intake.

We investigated several characteristics of dietary reporting
error, including reporting bias, attenuation factors, and correla-
tion coefficients for correlations between reported and true usual
intake. Reporting bias was estimated as the mean difference be-
tween log reported intake (first administration) and the log bio-
marker value, reexpressed as relative bias by exponentiation.

The attenuation factor (usually between 0 and 1) is the
multiplicative bias or shrinkage factor in the estimated regres-
sion coefficient when a health outcome is regressed on con-
tinuous self-reported intake rather than true dietary intake, in
the absence of systematic reporting biases dependent on fac-
tors related to the health outcome. It was estimated in each

Table 3. Continued

Intake Type,
Sex, and

Instrument

Studya

OPEN Study Energetics Study AMPM NBSb NPAASb

GM 95% CI GM 95% CI GM 95% CI GM 95% CI GM 95% CI

Sodium Density, mg/1,000 kcal

Men

Biomarker 1,571 1,500, 1,645 1,237 1,115, 1,373 1,618 1,539, 1,700

24HR 1,763 1,707, 1,821 1,434 1,323, 1,554 1,674 1,617, 1,734

FFQ 1,568 1,535, 1,601 1,538 1,480, 1,598 1,132 1,105, 1,160

Women

Biomarker 1,484 1,405, 1,567 1,148 1,054, 1,250 1,613 1,537, 1,693 1,593 1,541, 1,646 1,493 1,433, 1,555

24HR 1,708 1,642, 1,776 1,231 1,149, 1,318 1,630 1,575, 1,686 1,604 1,523, 1,689 1,535 1,491, 1,581

FFQ 1,519 1,479, 1,560 1,484 1,440, 1,530 1,122 1,094, 1,151 1,651 1,628, 1,675 1,637 1,611, 1,665

Sodium:Potassium Ratio

Men

Biomarker 1.31 1.24, 1.38 1.09 0.96, 1.24 1.34 1.26, 1.42

24HR 1.32 1.26, 1.38 1.14 1.03, 1.27 1.21 1.16, 1.27

FFQ 0.93 0.90, 0.96 0.98 0.92, 1.03 0.73 0.71, 0.76

Women

Biomarker 1.22 1.13, 1.31 1.12 1.03, 1.23 1.34 1.26, 1.42 1.13 1.09, 1.18 1.13 1.08, 1.18

24HR 1.21 1.15, 1.28 1.00 0.91, 1.11 1.21 1.15, 1.27 0.95 0.89, 1.02 1.00 0.96, 1.04

FFQ 0.83 0.80, 0.86 0.96 0.93, 1.00 0.69 0.67, 0.72 0.96 0.93, 0.98 0.98 0.96, 1.01

Abbreviations: AMPM, Automated Multiple-Pass Method validation study; CI, confidence interval; FFQ, food frequency questionnaire; GM,

geometric mean; 24HR, 24-hour recall; NBS, Nutrition Biomarker Study; NPAAS, Nutrition and Physical Activity Assessment Study; OPEN,

Observing Protein and Energy Nutrition.
a For study dates, see Table 1.
b NBS and NPAAS included only women.
c Single administration of a 24HR; data were taken from the first recall, except for the Energetics Study, where the second recall was used.
d 1 kcal = 4.184 kJ.
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study as the slope in the linear regression of the log biomarker
value on log first reported intake. To accommodate the mul-
tiple biomarker determinations, we employed linear mixed
models (24), with a random intercept for participants (Web
Appendix 2). Across-study average attenuation factors were
weighted by the inverses of their variances.
The coefficient for correlation between reported and true

usual intake is used to measure the loss, due to measurement
error, of statistical power to detect diet-health associations.
With simple disease models, which have a single normally
distributed exposure that is categorized, it can also be used
to deattenuate relative risks between the categories (25). It
was estimated as the correlation between the first reported in-
take and the biomarker value, adjusted for within-person var-
iation in the biomarker using a method similar to that of
Rosner and Willett (26) (Web Appendix 3). Low values of
the attenuation factor and of correlation between reported in-
take and true intake (e.g., less than 0.4) are undesirable, al-
though there is no sharp cutoff.
We investigated the role of personal characteristics in mod-

ifying reporting bias and attenuation. We examined sex, age
(<40, 40–49, 50–59, 60–69, 70–79, or≥80 years), bodymass
index (weight (kg)/height (m)2; log-transformed), race/eth-
nicity (black, white/other), and education (high school, college,
postgraduate study). Their influence on bias was measured
through the coefficients of linear regressions of reporting
bias (reported intake minus biomarker value) on these char-
acteristics. Their influence on attenuation was assessed via
the coefficients of the interaction of the characteristics with re-
ported intake in linear regressions of log biomarker value on
these variables. Calibration equations for predicting true usual
intake were obtained from regressions of the log biomarker
value on log reported intake and personal characteristics.
The accuracy of prediction was measured by means of the
multiple correlation coefficient (R2), adjusted for within-
person variation in the biomarker (12) (Web Appendix 3),
and was contrasted with the R2 obtained when the self-report
instrument was the only predictor.
All analyses were performed as meta-analyses, with study

entered as a dummy variable into the regression model (Web
Appendix 2). Between-study heterogeneity was assessed
through interactions of study with other terms in the model,
and was quantified in terms of the ratio of between-study var-
iance to total variance, I2 (27). Between-sex heterogeneity in
attenuation factors was assessed through interactions be-
tween sex and self-reports. The statistical significance of co-
efficients was tested using 2-sided t tests or F tests. Although
P < 0.05 was used as a guide for statistical significance, the
tables present many P values that were unadjusted for multi-
ple testing. Conclusions were drawn based on the consistency
of results across studies, as well as the P values themselves.
Statistical analyses were implemented in SAS, version 9
(SAS Institute, Inc., Cary, North Carolina) (28).

RESULTS

Reporting bias

Geometric mean intakes (Table 3) and relative bias
(Table 4) are shown for FFQs and single 24HRs in Tables 3

and 4. Results for the mean of two or three 24HRs were very
similar to those for a single 24HR. Self-report mean values
for potassium were similar to biomarker values for some
studies but were underestimated by 10%–15% for NBS and
NPAAS. Potassium density was overestimated by approxi-
mately 35% by FFQ reports, mainly because of energy under-
estimation (Web Tables 1–8), and by about 15% by 24HR
reports. Sodium intake was underestimated by 23%–52%
by FFQ report in all studies except Energetics (2%–9%),
and it was also underestimated by 23%–28% by 24HR report
in NBS and NPAAS. Density of sodium intake was over-
estimated by approximately 30% by FFQ report in Energetics
but underestimated by about 30% in AMPM. It was over-
estimated by about 10% by 24HR report in OPEN and
Energetics, but not in the other studies. SPR was underesti-
mated by 33%–47% using an FFQ in OPEN and AMPM but
only by 12%–17% in Energetics, NBS, and NPAAS. Using
a 24HR, SPR was underestimated by less than 10%, on
average.
There were no personal characteristics that on both self-

report instruments were consistently associated with reporting
bias in potassium intake (Web Tables 9 and 10). In contrast to
potassium, underreporting of sodium was strongly associated
with higher body mass index and also, for FFQ reports, with
being black, being male, and having a high school education
versus a college education or higher.

Attenuation factors and correlations of reported intake

with true usual intake

Attenuation factors for FFQ-reported potassium were higher
than those previously reported for protein and energy (4)
(Table 5), with an average of 0.25–0.30. For a single 24HR,
theywere somewhat higher, with an average of approximately
0.30–0.35. Using the mean of two 24HR administrations in-
creased the attenuation factor to about 0.45, and using the
mean of three 24HRs increased it to 0.50.
For potassium density, the FFQ attenuation factors were

markedly higher than those for absolute potassium, with an
average of over 0.50, and they were higher than those for a
single 24HR, which had an average attenuation factor of
about 0.40. However, the factor increased to approximate-
ly 0.60 for two 24HRs and approximately 0.65 for three
24HRs.
FFQ attenuation factors for sodium were very low (around

0.10), similar to those previously reported for energy (4)
(Web Tables 1–8). They were somewhat higher for a single
24HR (around 0.20). For two 24HRs, they increased to ap-
proximately 0.25 and to 0.30 for three 24HRs.
FFQ attenuation factors for sodium density were markedly

higher than those for absolute sodium, with an average
around 0.35 (Table 5), and were higher than those for a single
24HR (average of 0.17 for women and 0.29 for men). With 2
and 3 administrations of a 24HR, the average value increased
to about 0.35 and 0.40, respectively.
Attenuation factors for SPR were high. The average value

for a single 24HR was approximately 0.40 (0.37 for women
and 0.46 for men), rising to about 0.60 for two 24HRs and
about 0.70 for three 24HRs. The average attenuation factor
for an FFQ was approximately 0.60 (Table 5).
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Table 4. Bias in Reported Intakes of Potassium and Sodium, Their Densities, and Their Ratio in 5 Validation Studies of Dietary Self-Report

Instruments, by Study, Sex, and Instrument

Intake Type,

Sex, and

Instrument

Studya

Average

RBc, %
P ValuedOPEN Study Energetics Study AMPM NBSb NPAASb

RBe, % 95% CI RB, % 95% CI RB, % 95% CI RB, % 95% CI RB, % 95% CI

Potassium

Men

24HRf −1 −5, 4 6 −2, 15 −2 −6, 3 0 0.28

FFQ −2 −7, 2 10 1, 19 −15 −19, −10 −6 <0.001

Women

24HR 1 −5, 7 10 3, 18 0 −5, 6 −12 −19, −5 −13 −16, −9 −4 <0.001

FFQ 5 −1, 11 11 4, 20 3 −3, 9 −13 −17, −10 −10 −14, −6 −5 <0.001

Potassium Density

Men

24HR 13 8, 18 17 8, 26 13 8, 18 13 0.72

FFQ 41 35, 47 49 39, 61 26 21, 32 36 <0.001

Women

24HR 19 13, 26 18 11, 26 12 7, 18 21 12, 31 16 11, 21 16 0.39

FFQ 56 48, 64 52 43, 60 35 29, 41 22 19, 26 26 21, 31 33 <0.001

Sodium

Men

24HR −4 −10, 1 8 −2, 19 −8 −13, −2 −4 0.029

FFQ −34 −38, −30 −9 −18, 1 −52 −55, −49 −39 <0.001

Women

24HR −3 −10, 5 2 −7, 11 −8 −14, −1 −28 −35, −21 −23 −27, −19 −13 <0.001

FFQ −33 −38, −28 −2 −10, 7 −46 −49, −42 −27 −30, −23 −23 −27, −18 −28 <0.001

Sodium Density

Men

24HR 9 3, 14 16 7, 27 5 0, 10 8 0.12

FFQ −4 −8, 1 26 16, 35 −28 −31, −25 −12 <0.001

Women

24HR 13 6, 20 8 0, 16 2 −4, 8 0 −9, 9 3 −2, 8 5 0.086

FFQ −1 −6, 5 31 23, 39 −30 −33, −26 4 0, 7 10 6, 15 1 <0.001

Sodium:Potassium Ratio

Men

24HR −5 −9, 1 −1 −10, 8 −6 −11, −1 −5 0.65

FFQ −33 −36, −29 −17 −24, −9 −43 −46, −40 −35 <0.001

Women

24HR −4 −11, 3 −9 −16, −2 −8 −14, −2 −18 −26, −9 −11 −15, −6 −9 0.16

FFQ −36 −39, −32 −14 −19, −7 −47 −50, −44 −15 −18, −12 −12 −16, −9 −24 <0.001

Abbreviations: AMPM, Automated Multiple-Pass Method validation study; CI, confidence interval; FFQ, food frequency questionnaire; 24HR,

24-hour recall; NBS, Nutrition Biomarker Study; NPAAS, Nutrition and Physical Activity Assessment Study; OPEN, Observing Protein and

Energy Nutrition; RB, relative bias.
a For study dates, see Table 1.
b NBS and NPAAS included only women.
c Average weighted by the inverse of the variance.
d P for heterogeneity across studies.
e % RB = 100 × exponential (mean log self-report−mean log biomarker value)− 100; negative values indicate underreporting.
f Single administration of a 24HR; data were taken from the first recall, except for the Energetics Study, where the second recall was used.
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Table 5. Attenuation Factors for Reported Intakes of Potassium and Sodium, Their Densities, and Their Ratio in 5 Validation Studies of Dietary Self-Report Instruments

Intake Type, Sex,
and Instrument

Studya

P Valueb I2cOPEN Study Energetics Study AMPM NBSd NPAASd Averagee

AF 95% CI AF 95% CI AF 95% CI AF 95% CI AF 95% CI AF 95% CI

Potassium

Men

1 × 24HR 0.31 0.22, 0.40 0.08 −0.04, 0.19 0.47 0.37, 0.58 0.30 0.24, 0.36 <0.001 0.92

2 × 24HR 0.44 0.34, 0.54 0.10 −0.03, 0.23 0.59 0.49, 0.69 0.42 0.35, 0.48 <0.001 0.94

3 × 24HR 0.11 −0.05, 0.26 0.70 0.59, 0.81 0.49 0.40, 0.58 <0.001 0.97

FFQ 0.30 0.22, 0.39 0.15 −0.02, 0.32 0.38 0.26, 0.50 0.30 0.24, 0.37 0.10 0.57

Women

1 × 24HR 0.32 0.23, 0.42 0.21 0.12, 0.30 0.46 0.34, 0.57 0.37 0.23, 0.52 0.42 0.34, 0.51 0.35 0.31, 0.40 0.003 0.75

2 × 24HR 0.47 0.35, 0.58 0.33 0.23, 0.43 0.65 0.53, 0.78 0.46 0.31, 0.61 0.51 0.40, 0.61 0.47 0.42, 0.52 0.002 0.76

3 × 24HR 0.37 0.26, 0.47 0.68 0.55, 0.82 0.56 0.45, 0.68 0.51 0.44, 0.58 0.001 0.86

FFQ 0.22 0.10, 0.33 0.12 0.01, 0.22 0.26 0.14, 0.37 0.32 0.24, 0.39 0.25 0.17, 0.33 0.25 0.20, 0.29 0.05 0.57

Potassium Density

Men

1 × 24HR 0.37 0.25, 0.49 0.19 −0.02, 0.41 0.56 0.44, 0.69 0.43 0.35, 0.51 0.008 0.79

2 × 24HR 0.60 0.47, 0.74 0.31 0.06, 0.56 0.72 0.59, 0.85 0.62 0.53, 0.71 0.016 0.76

3 × 24HR 0.28 0.03, 0.54 0.82 0.68, 0.96 0.69 0.56, 0.81 <0.001 0.92

FFQ 0.50 0.36, 0.64 0.35 0.06, 0.65 0.69 0.49, 0.89 0.53 0.43, 0.64 0.14 0.50

Women

1 × 24HR 0.44 0.33, 0.55 0.28 0.15, 0.41 0.61 0.48, 0.75 0.30 0.11, 0.48 0.34 0.22, 0.45 0.40 0.34, 0.46 0.003 0.75

2 × 24HR 0.60 0.47, 0.73 0.42 0.26, 0.58 0.84 0.68, 1.01 0.39 0.18, 0.60 0.51 0.35, 0.67 0.57 0.49, 0.64 0.001 0.78

3 × 24HR 0.44 0.29, 0.60 0.89 0.71, 1.08 0.62 0.44, 0.79 0.63 0.54, 0.73 0.001 0.85

FFQ 0.51 0.36, 0.66 0.59 0.41, 0.77 0.77 0.55, 0.98 0.48 0.37, 0.60 0.50 0.33, 0.67 0.54 0.47, 0.61 0.21 0.31

Sodium

Men

1 × 24HR 0.27 0.17, 0.38 0.06 −0.06, 0.18 0.33 0.23, 0.42 0.24 0.18, 0.30 0.002 0.84

2 × 24HR 0.29 0.17, 0.41 0.07 −0.09, 0.23 0.43 0.31, 0.55 0.30 0.22, 0.38 0.002 0.84

3 × 24HR 0.09 −0.07, 0.26 0.49 0.35, 0.62 0.33 0.23, 0.43 <0.001 0.93

FFQ 0.14 0.05, 0.24 −0.01 −0.18, 0.15 0.12 0.01, 0.24 0.11 0.04, 0.18 0.30 0.18

Women

1 × 24HR 0.11 0.00, 0.22 0.11 0.00, 0.22 0.27 0.17, 0.36 0.01 −0.15, 0.16 0.11 0.02, 0.20 0.14 0.09, 0.19 0.03 0.62

2 × 24HR 0.18 0.04, 0.32 0.19 0.05, 0.32 0.32 0.21, 0.44 0.07 −0.12, 0.26 0.21 0.09, 0.33 0.22 0.15, 0.28 0.21 0.32

3 × 24HR 0.23 0.08, 0.38 0.42 0.29, 0.55 0.29 0.15, 0.43 0.32 0.24, 0.40 0.14 0.49

FFQ 0.11 0.00, 0.23 −0.05 −0.17, 0.08 0.10 0.00, 0.21 0.12 0.03, 0.20 0.08 0.00, 0.17 0.08 0.04, 0.13 0.27 0.23

Table continues
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Table 5. Continued

Intake Type, Sex,
and Instrument

Studya

P Valueb I2cOPEN Study Energetics Study AMPM NBSd NPAASd Averagee

AF 95% CI AF 95% CI AF 95% CI AF 95% CI AF 95% CI AF 95% CI

Sodium Density

Men

1 × 24HR 0.25 0.12, 0.38 0.17 −0.04, 0.38 0.37 0.24, 0.50 0.29 0.20, 0.37 0.22 0.34

2 × 24HR 0.42 0.26, 0.58 0.05 −0.29, 0.38 0.43 0.27, 0.59 0.39 0.28, 0.49 0.11 0.54

3 × 24HR −0.07 −0.41, 0.28 0.49 0.31, 0.66 0.38 0.22, 0.53 0.005 0.87

FFQ 0.45 0.24, 0.65 0.45 −0.02, 0.91 0.24 0.02, 0.46 0.36 0.22, 0.50 0.38 0.00

Women

1 × 24HR 0.12 −0.03, 0.27 0.07 −0.06, 0.21 0.29 0.15, 0.43 0.15 −0.05, 0.35 0.18 0.06, 0.29 0.17 0.10, 0.23 0.25 0.26

2 × 24HR 0.20 0.02, 0.37 0.12 −0.05, 0.30 0.35 0.17, 0.54 0.34 0.11, 0.57 0.34 0.18, 0.51 0.27 0.19, 0.35 0.25 0.26

3 × 24HR 0.15 −0.05, 0.35 0.56 0.35, 0.77 0.50 0.32, 0.68 0.41 0.29, 0.52 0.008 0.79

FFQ 0.34 0.12, 0.56 −0.03 −0.36, 0.31 0.36 0.16, 0.55 0.39 0.20, 0.57 0.42 0.21, 0.62 0.34 0.25, 0.44 0.24 0.27

Sodium:Potassium Ratio

Men

1 × 24HR 0.43 0.31, 0.55 0.30 0.12, 0.48 0.56 0.45, 0.68 0.46 0.38, 0.55 0.041 0.69

2 × 24HR 0.69 0.55, 0.83 0.32 0.10, 0.54 0.72 0.58, 0.86 0.64 0.55, 0.73 0.007 0.80

3 × 24HR 0.35 0.10, 0.60 0.86 0.71, 1.00 0.73 0.60, 0.85 <0.001 0.91

FFQ 0.55 0.40, 0.70 0.54 0.23, 0.84 0.66 0.48, 0.84 0.59 0.48, 0.69 0.60 0.00

Women

1 × 24HR 0.44 0.30, 0.58 0.25 0.15, 0.36 0.54 0.42, 0.66 0.16 −0.08, 0.41 0.37 0.26, 0.48 0.37 0.31, 0.43 0.002 0.76

2 × 24HR 0.68 0.52, 0.85 0.42 0.30, 0.54 0.76 0.61, 0.92 0.39 0.16, 0.61 0.55 0.42, 0.68 0.56 0.49, 0.63 0.003 0.75

3 × 24HR 0.47 0.34, 0.60 0.89 0.73, 1.05 0.71 0.57, 0.85 0.66 0.58, 0.74 <0.001 0.88

FFQ 0.64 0.46, 0.81 0.55 0.32, 0.79 0.63 0.46, 0.80 0.55 0.42, 0.68 0.67 0.50, 0.84 0.61 0.53, 0.68 0.82 0.00

Abbreviations: AF, attenuation factor; AMPM, Automated Multiple-Pass Method validation study; CI, confidence interval; FFQ, food frequency questionnaire; 24HR, 24-hour recall; NBS,

Nutrition Biomarker Study; NPAAS, Nutrition and Physical Activity Assessment Study; OPEN, Observing Protein and Energy Nutrition.
a For study dates, see Table 1.
b P for heterogeneity across studies.
c Ratio of between-study variance to total variance (a measure of between-study heterogeneity).
d NBS and NPAAS included only women.
e Average weighted by the inverse of the variance.
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Considerable across-study heterogeneity in attenuation
factor values was seen, particularly for the 24HR, with higher
values in AMPM and lower values in Energetics (Table 5).
Attenuation factors did not differ substantially between men
and women (Table 5).
Correlations of reported intake with true intake, averaged

over the studies, displayed patterns similar to those of the at-
tenuation factors (Table 6). Correlation coefficients for potas-
sium and potassium density were uniformly higher than those
for sodium and sodium density. For FFQs, correlation coef-
ficients for potassium density were higher than those for
absolute potassium (average of 0.43 for men and 0.51 for
women vs. 0.40 for men and 0.33 for women) and were higher
for sodium density than for absolute sodium (average of ap-
proximately 0.32 vs. approximately 0.16). For both FFQs and
24HRs, correlations for SPR were higher than those for so-
dium density and slightly higher than those for potassium den-
sity. Correlation coefficients for the individual studies are
presented in Web Table 11.
Attenuation factors for an FFQ did not appear to be sub-

stantially modified by personal characteristics among men
(Web Table 12) or for a 24HR in either men or women. How-
ever, for FFQs, amongwomen, increased bodymass index was

associated with lower attenuation factors for potassium and
sodium, and black women had lower attenuation factors for
potassium than other women. This was similar to our finding
regarding modifiers of attenuation for protein and energy (4).

Calibration (prediction) equations for true usual intake

Tables 7 and 8 present details of the calibration models for
predicting the logarithm of true usual intakes of potassium
and sodium based on either an FFQ report or a single 24HR
report and personal characteristics, separately for men and
women. The coefficient for the logarithm of self-reported in-
take is provided for each study. For potassium, race/ethnicity
was a strong predictor of intake, and with age and education,
it raised the multiple correlation from approximately
0.25–0.35 using a 24HR alone to approximately 0.35–
0.40, and from about 0.10–0.20 using an FFQ alone to
about 0.20–0.30. Although the information presented in
Web Table 12 suggests that certain interaction terms for
the interaction of FFQ data with personal characteristics
may improve prediction of potassium and sodium intakes,
in reality they led to only marginal increases in the average
R2—the largest from 0.20 to only 0.22. Therefore, we pre-
sent results from the simpler calibration model without in-
teractions. Details of the calibration models for potassium
density, sodium density, and SPR are presented in Web
Tables 13–15. Details of the calibration models for potas-
sium and sodium, when a mean of two 24HRs is used, are
presented in Web Table 16.
For sodium, body mass index was the most important pre-

dictor, followed by age. The very low multiple correlations
due to self-report alone (less than 0.1, except for AMPM)
were raised to 0.2–0.4 by including these factors.

DISCUSSION

Dietary self-reporting is a basic component of population
surveillance of dietary intake, many dietary intervention
studies, and most studies of diet–health outcome relation-
ships. However, reporting error, daily variation in diet, and
limitations of food composition databases can affect results,
and knowing the measurement properties of self-report in-
struments is required for their proper interpretation. In this
paper, we examined the measurement properties of self-
reported intakes of potassium and sodium, their densities,
and SPR.
While potassium intake is accepted as a valid target of di-

etary self-reports, the possibility of capturing sodium intake
by self-report is more controversial. Although much of the
sodium in the US diet comes from packaged and processed
foods, the sodium in these foods is present in highly variable
amounts, creating difficulties in compiling accurate food com-
position databases, especially for FFQs. Furthermore, so-
dium intakes from salt added during food preparation or at
the table are difficult to capture. These difficulties explain the
move to use urinary sodium levels (and not self-reports) in
some surveillance efforts (29). In the studies in our pooling
project, efforts to quantify salt added at the table were limited.
However, the majority of US sodium intake is derived from
food processed or prepared outside the home (30, 31).

Table 6. Average Correlation Coefficientsa for Correlations Between

Reported and “True” Usual Intakes of Potassium and Sodium, Their

Densities, and Their Ratio in 5 Validation Studiesb of Dietary

Self-Report Instruments

Intake Type
and Sex

Instrument

1 × 24HR 2 × 24HR 3 × 24HR FFQ

Potassium

Male 0.43 0.52 0.52 0.40

Female 0.51 0.59 0.59 0.33

Potassium density

Male 0.43 0.52 0.52 0.43

Female 0.48 0.54 0.53 0.51

Sodium

Male 0.39 0.41 0.42 0.17

Female 0.24 0.28 0.39 0.15

Sodium density

Male 0.36 0.39 0.34 0.31

Female 0.26 0.34 0.41 0.33

Sodium:potassium ratio

Male 0.50 0.57 0.56 0.50

Female 0.43 0.55 0.64 0.49

Abbreviations: FFQ, food frequency questionnaire; 24HR, 24-hour

recall.
a Adjusted for within-person biomarker variation (seeWebAppendix

3 for method). The average is the root mean square of the individual

study values.
b The Observing Protein and Energy Nutrition Study (1999–2000),

the Energetics Study (2006–2009), the Automated Multiple-Pass

Method validation study (2002–2004), the Nutrition Biomarker Study

(2004–2005), and the Nutrition and Physical Activity Assessment

Study (2007–2009).
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We indeed found differences between the errors of self-
reported sodium and potassium intakes. Firstly, unlike potas-
sium,sodiumintakewasunderestimated,byapproximately30%
using FFQs and by about 5%–10% using 24HRs (Table 4).
Secondly, sodium intake had lower attenuation factors (Table 5)
and lower correlations with true intake (Table 6) than potas-
sium intake. Nevertheless, SPR (together with potassium den-
sity) had the highest attenuation factors and correlations among
the components we investigated. This was true for both 24HRs

and FFQs, even though FFQs seriously underestimated SPR.
This indicates that while FFQs may be a poor tool for popula-
tion surveillance of SPR, it nevertheless appears adequate for
assessing associations of this ratio with health outcomes.
Note that none of the FFQs in our study were specifically de-
signed to assess sodium intake, and with some attention to this
issue, improved measurement could likely be achieved.

The higher attenuation factors and correlations with true
intake for SPR apparently resulted from the highly correlated

Table 7. Calibration Model for Predicting the Logarithm of True Usual Intakes of Potassium and Sodium Among Men in 3 Validation Studies of

Dietary Self-Report Instruments

Instrument and Covariate
Potassium Sodium

β P Value R 2a R 2 for Instrumentb β P Value R 2a R 2 for Instrumentb

Single 24-Hour Recall

Studyc

OPEN Study 0.307 0.26 0.21 0.214 0.40 0.16

Energetics Study 0.049 0.36 0.04 0.065 0.22 0.02

AMPM 0.460 0.41 0.32 0.310 0.46 0.27

P for heterogeneityd <0.001 0.004

Age group, years (vs. 50–59)

<40 −0.088 0.01 0.011 0.24

40–49 −0.040 −0.014

60–69 0.034 −0.060

BMIe (log-transformed) 0.119 0.11 0.752 <0.001

Race/ethnicity (black vs. otherf) −0.209 <0.001 −0.049 0.31

Education (vs. college)

High school 0.099 0.01 0.072 0.37

Postgraduate 0.060 0.017

Food Frequency Questionnaire

Study

OPEN Study 0.320 0.28 0.22 0.140 0.36 0.06

Energetics Study 0.141 0.47 0.08 −0.007 0.22 0.00

AMPM 0.353 0.28 0.19 0.137 0.28 0.03

P for heterogeneity 0.08 0.28

Age group, years (vs. 50–59)

<40 −0.095 0.02 0.029 0.26

40–49 −0.058 −0.020

60–69 0.014 −0.055

BMI (log-transformed) 0.142 0.07 0.834 <0.001

Race/ethnicity (black vs. other) −0.239 <0.001 −0.053 0.31

Education (vs. college)

High school 0.097 0.04 0.046 0.60

Postgraduate 0.049 0.020

Abbreviations: AMPM, Automated Multiple-Pass Method validation study; BMI, body mass index; OPEN, Observing Protein and Energy

Nutrition.
a R 2 for model containing the self-report instrument and covariates.
b R 2 for model containing the self-report instrument only.
c For study dates, see Table 1.
d P for heterogeneity of adjusted “attenuation coefficient” across studies.
e Weight (kg)/height (m)2.
f
“Other” includes non-Hispanic whites.
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Table 8. Calibration Model for Predicting the Logarithm of True Usual Intakes of Potassium and Sodium AmongWomen in 5 Validation Studies of

Dietary Self-Report Instruments

Instrument and Covariate
Potassium Sodium

β P Value R 2a R 2 for Instrumentb β P Value R 2a R 2 for Instrumentb

Single 24-Hour Recall

Studyc

OPEN Study 0.293 0.30 0.26 0.077 0.23 0.03

Energetics Study 0.176 0.27 0.16 0.094 0.20 0.05

AMPM 0.417 0.32 0.26 0.255 0.33 0.17

NBS 0.349 0.31 0.27 0.025 0.35 0.00

NPAAS 0.383 0.42 0.35 0.089 0.37 0.04

P for heterogeneityd 0.003 0.02

Age group, years (vs. 50–59)

<40 −0.103 0.11 0.090 <0.001

40–49 −0.042 0.027

60–69 −0.029 −0.081

70–79 −0.036 −0.067

≥80 −0.102 −0.231

BMIe (log-transformed) 0.045 0.33 0.530 <0.001

Race/ethnicity (black vs. otherf) −0.168 <0.001 −0.005 0.87

Education (vs. college)

High school −0.033 0.006 0.010 0.44

Postgraduate 0.051 −0.025

Food Frequency Questionnaire

Study

OPEN Study 0.198 0.16 0.09 0.073 0.24 0.03

Energetics Study 0.086 0.17 0.04 −0.088 0.17 0.01

AMPM 0.202 0.17 0.09 0.076 0.21 0.02

NBS 0.295 0.26 0.19 0.116 0.36 0.04

NPAAS 0.204 0.22 0.13 0.063 0.37 0.03

P for heterogeneity 0.03 0.09

Age group, years (vs. 50–59)

<40 −0.131 0.002 0.124 <0.001

40–49 −0.034 0.034

60–69 −0.002 −0.062

70–79 −0.024 −0.081

≥80 −0.115 −0.196

BMI (log-transformed) −0.007 0.87 0.542 <0.001

Race/ethnicity (black vs. other) −0.157 <0.001 0.011 0.67

Education (vs. college)

High school −0.019 <0.001 0.021 0.17

Postgraduate 0.086 −0.027

Abbreviations: AMPM, Automated Multiple-Pass Method validation study; BMI, body mass index; NBS, Nutrition Biomarker Study; NPAAS,

Nutrition and Physical Activity Assessment Study; OPEN, Observing Protein and Energy Nutrition.
a R 2 for model containing the self-report instrument and covariates.
b R 2 for model containing the self-report instrument only.
c For study dates, see Table 1.
d P for heterogeneity of adjusted “attenuation coefficient” across studies.
e Weight (kg)/height (m)2.
f
“Other” includes non-Hispanic whites.
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reporting errors for sodium and potassium intakes (FFQs,
0.72–0.88; 24HRs, 0.44–0.74). This high correlation caused
the reporting errors to partially cancel each other out when the
ratio was taken.

Recently, Ioannidis (32) cited Archer et al.’s (33) criticism
that National Health and Nutrition Examination Survey data
underreport energy intake as the starting point for an attack on
observational studies of diet–health outcome relationships.
Our finding of serious underestimation of SPR by FFQs,
coupled with relatively high correlations between the FFQ-
reported ratio and the true ratio, emphasizes that underestima-
tion per se does not invalidate use of a self-report instrument
for studying diet–health outcome relationships.

The results presented in this paper were based on the as-
sumptions that doubly labeled water and 24-hour urinary po-
tassium and sodiummeasurements yield unbiased estimates of
their respective intakes and that their errors are not related to
true intake or personal characteristics. This assumption is well-
founded for doubly labeled water (34) and urinary potassium
(35), but it is somewhat controversial for urinary sodium.

Several studies conducted between 1970 and 1990 indicated
that urinary sodium was suitable as a recovery biomarker. One
feeding study (18) and 4 studies with duplicate food portions
(17, 20, 36, 37) compared dietary sodium with corresponding
24-hour urine samples. The data collection periods ranged
from 3 days to 28 days over a 12-month period and included
9–43 participants. The average recovery of sodium from
24-hour urine samples ranged from 83% to 95%, similar to
the 81% recovery found for protein as estimated from urinary
nitrogen (38). In the feeding study, Luft et al. (18) reported a
correlation of 0.55 between 24-hour urine sodium and true
intake, with improved agreement when multiple repeated
24-hour urine samples were used. More recently, an interven-
tion study (39) found within-person correlations for 24-hour
urine assessments separated by several months of only 0.30
for sodium, compared with 0.50 for potassium. A recent ex-
periment in 12 adults, involving constant sodium intake over
several months, revealed cyclical rhythms in urinary sodium
excretion with phases longer than 24 hours (40). It seems
plausible that such variations occur randomly among study
subjects and are independent of level of sodium intake and
personal characteristics, thus complying with the assump-
tions for a recovery biomarker.

FFQs assess intake over the moderate- to long-term past,
whereas biomarkers and 24HRs assess short-term intake.
Therefore, the biomarker assessments in our study were
more proximal to the period assessed by the 24HRs than to
the period assessed by the FFQs. This could have caused
overestimation of 24HR correlations with true long-term in-
take and underestimation of FFQ correlations. In preliminary
investigations using statistical modeling, we found that this
does occur, but not to a degree that changes our overall con-
clusions. Further statistical examination of this issue is needed.
Note that both biomarker and self-report assessments cover a
much shorter period than may be relevant to dietary influences
on health outcomes, suggesting the need for both longitudinal
biomarker data and longitudinal self-report data in order to
thoroughly study diet–health outcome associations.

As we mentioned previously (4), to avoid excessive atten-
uation of the estimated relative risk and the requirement of

huge sample sizes, one usually needs correlations between re-
ported and true intakes of 0.4 or more. Our finding of corre-
lations of approximately 0.5 for SPR, a potential risk factor
for cardiovascular disease, using either an FFQ or 1 or more
24HRs (Table 6) is encouraging. Similarly high correlations
were found for potassium density (Table 6).

The ratio of sodium intake to potassium intake appears to
be strongly related to personal characteristics, with higher ra-
tios being reported among younger persons, blacks, persons
with higher body mass index, and persons with less than a
postgraduate education. These factors, together with self-
reported intake, allow prediction of true intakewith amultiple
correlation coefficient of approximately 0.4 (Web Table 15).
Huang et al. (41) developed calibration models for potassium
and sodium and their ratio, as well as for potassium and so-
dium density, based on 24HRs, FFQs, and 4-day food records
using NBS and NPAAS data; their results substantially agree
with ours. These authors have proposed use of their calibra-
tion models in cohort studies of postmenopausal women to
obtain estimates of relative risks related to SPR. The calibra-
tion models derived from the models presented in our tables
could serve the same purpose. However, certain caveats must
be mentioned.

Firstly, we found heterogeneity of the coefficients for the
self-reports across studies, making it sometimes difficult to
choose the appropriate coefficient for the study population
in question. In situations where the heterogeneity test results
(shown in the tables) were not statistically significant, it
would be reasonable to use a coefficient that was averaged
across the studies. In situations where heterogeneity was ob-
served, investigators would be advised to use the coefficient
from the study (or studies) that corresponds most closely to
their own in terms of the instrument used and the population
studied. Secondly, and more fundamentally, the choice of
which variables to use in the prediction equation is complex
and is closely tied to the time period targeted for usual intake.
More discussion of this point can be found in the article by
Prentice et al. (42) but is beyond the scope of this paper. It is
clear, however, that the principle of increasing the accuracy
of prediction of usual intake is centrally important in nutri-
tional epidemiology.

Other investigators have noted that nutrients are reported
with differing levels of error (e.g., see Heitmann et al. (43)).
Our results for sodium and potassium (Table 4), as well previ-
ous results on energy and protein (4), clearly demonstrate this.
Unfortunately, this means that there is no single correction fac-
tor that can be applied to adjust estimated population intake
distributions for reporting errors.

Overall, our pooling study has clarified strengths andweak-
nesses of 2 commonly used types of self-report instruments
for assessing intakes of potassium and sodium. The modes of
administration of the instruments, particularly the 24HR, var-
ied substantially across studies, from the World Wide Web to
interviewers. Similarly, the populations differed quite widely
in age and racial/ethnic composition. These factors no doubt
contributed to between-study heterogeneity in some mea-
sures. Despite this heterogeneity, the current study estab-
lished firmly that 1) the attenuations and correlations with
truth for the FFQs studied are much improved when consid-
ering potassium or sodium densities in comparison with
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absolute potassium or sodium; 2) attenuations and correla-
tions of SPR are (together with those for potassium density)
the highest among the dietary components we have investi-
gated; 3) multiple 24HRs substantially decrease attenuation
and increase correlation compared with a single 24HR; and
4) body mass index strongly predicts underreporting of so-
dium intake. Overall, our analyses of potassium and sodium,
described here, and the results for protein and energy reported
previously (4) support the view that levels of dietary report-
ing error differ across nutrients.
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